We report the first observation of the simultaneous three-dimensional confinement of both a low-index particle and a high-index particle within a single-beam optical trap by using a strongly focused laser beam containing an optical vortex. Experimental and theoretical investigations of the trap stability are described.
INTRODUCTION
Three-dimensional trapping of a transparent microparticle having a refractive index higher than the surrounding medium (a so-called high-index particle) was first demonstrated more than a decade ago with a strongly focused Gaussian beam. 1 Known as optical tweezers, this type of trap has found wide use in diverse fields (e.g., acoustics, 2 interface science, [3] [4] [5] biology, [6] [7] [8] [9] [10] and biophysics [11] [12] [13] [14] ), owing to its ability to manipulate and isolate microscopic objects in a precise and nondestructive manner. A conventional optical trap uses a highly focused TEM 00 Gaussian beam to attract a high-index particle into the bright focal region of the beam. In contrast, low-index particles are expelled from the beam. Several reports have shown that a doughnut-type (or vortex) beam is more efficient than a TEM 00 Gaussian beam at trapping high-index particles. [15] [16] [17] Recently we showed that a doughnut-type beam may also be used to trap lowindex particles. 18 An additional advantage of vortex beams over Gaussian beams is that the particle is exposed to lower intensities and thus is less likely to exhibit optically induced damage. In this paper we describe a further advantage of vortex beams, namely, their ability to simultaneously trap a high-index particle and a lowindex particle with a single beam.
Optical tweezers afford a sterile and noninvasive means to study particles in situ. Aqueous systems containing air bubbles and multiphase emulsions are examples of systems that contain both high-and low-index particles in the host solution. An ability to trap and micromanipulate these particles opens unique research and application opportunities. For example, it may be desirable to encapsulate a particle in an air bubble to inhibit interactions with the host material. Besides bubbles, low-index particles are found in water-in-oil emulsions for petroleum, food, and drug processing applications. Magneto-optic trapping of an atomic vapor by use of a vortex beam to accommodate two different atomic states may also be possible. Indeed, the trapping of rubidium vapor in a doughnut-type beam was recently demonstrated. 19 A theoretical discussion of the radiation pressure force that provides multiple stable trap sites for high-and lowindex particles is given in Section 2, followed by a description of the experimental apparatus used to create such a trap in Section 3. Our observations, including a discussion of factors affecting the stability of the simultaneous trap, are described in Section 4 for an aqueous host containing high-index droplets of immersion oil and lowindex hollow glass spheres (HGS's). Section 5 summarizes our findings.
THEORY
The initial scalar electric field amplitude of a monochromatic Gaussian beam containing a central vortex may be expressed in cylindrical coordinates:
where E 0 characterizes the peak amplitude, w 0 is the waist of the Gaussian envelope, l is a signed integer called the topological charge (or orbital angular-momentum quantum number), and w v is the vortex core size. Here we assume ͉l͉ ϭ 1. For example, w v → ϱ for the firstorder Laguerre-Gaussian beam, and w v → 0 for an ideal point vortex. 20, 21 The intensity profile, ͉E͉ 2 , shown in Fig. 1(a) , is characterized by a dark vortex core, owing to total destructive interference at the origin (where is undefined). Vortices having arbitrary core sizes may be produced by computer-generated holography. [22] [23] [24] When focused with a high-numerical-aperture objective, a vortex beam may trap a low-index sphere within the dark core of the vortex. 18 It was shown in Ref. 25 that, with the apparatus described in Section 3, the lon-gitudinal trapping position of a HGS, z trap , is located in front of the focal plane, as shown in Fig. 1(b) , at a distance z trap ϭ Ϫ2.21R p (with respect to the focal plane at z ϭ 0), where R p is the radius of the HGS. In contrast, the trapping position of a high-index particle, z trap Ј , was found in Refs. 15, 26 , and 27 to be trapped near the focal plane: z trap Ј /R p Ј Ӷ 1, as depicted in Fig. 1(b) , where R p Ј is the radius of the high-index particle.
Given the separate locations of the trapping positions, and the fact that not all rays are scattered from the first (low-index) particle that the beam encounters, one may wonder whether a second (high-index) particle could be simultaneously trapped in the beam. Indeed, a simple rayoptics calculation predicts that 60-80% of the rays bypass a trapped HGS, depending on the beam-to-core size ratio, ϭ w 0 /w v , at the input aperture of the focusing objective. According to ray optics, the larger the vortex core, the greater the percentage of unscattered light in the focal plane. Diffraction effects from the first particle may be ignored, to first order, because the particle is far from the second trapped particle-the latter coinciding with the focal plane. (In the focal plane, the optical effect of the occludent first particle is analogous to the effects of the secondary mirror on the image in a Newtonian telescope; the beam suffers only minor distortion.) The beam-to-core size ratio in our experiment was Ӎ 5, which corresponds to 68% of the rays bypassing the first particle.
EXPERIMENTAL SETUP
The experimental apparatus used to create the simultaneous trap is shown in Fig. 2 . A Gaussian beam from an argon-ion laser (Ar ϩ ) at wavelength ϭ 514 nm is directed through a beam expander (BX1) and a computergenerated hologram (CGH) of an optical vortex. The first-order diffracted beam passes through a beam expander (BX2) and a lens (L1), which focuses the beam to a spot in the back conjugate plane, or image plane, (xЈ, yЈ), of a Zeiss Neofluar oil-immersion microscope objective (Obj) with magnification of 100 and numerical aperture of 1.3. The objective focuses the beam to a nearly diffraction-limited spot in the front conjugate plane, or object plane, of the objective. A sample chamber (Cell) containing the particle system is placed below the objective and backlighted with white-light illumination (focused in the vicinity of the object plane). The particles are viewed through the same 100X objective by use of a beam splitter (BS), imaging lens (L2), video camera (CCD1), and television monitor (TV). Video sequences were recorded with either a frame grabber in a Macintosh computer or a video cassette recorder.
The beam expanders (BX1 and BX2) permit adjustment of the relative size of the vortex core and Gaussian waist at the input aperture of the objective. The imaging lens (L2) was arranged to make the imaging portion of the optical system afocal, enabling us to image different planes in the chamber at the same magnification. This arrangement permitted us to measure the trapping position and size of different particles without having to correct for scaling differences. A second camera (CCD2), along with a neutral-density filter (ND), was used to record the intensity profile at the input aperture of the microscope objective. The CCD detector array was placed at the same distance from the beam splitter as the input face of the objective, allowing us to monitor the initial beam profile and determine the beam-to-core size ratio, . A powermeter placed in front of CCD2 was used to measure the relative beam power. The actual power of the trapping beam was calculated by multiplying the relative power by a calibration ratio that was determined from a dualobjective calibration scheme. As packaged by the manufacturer (Duke Scientific), the HGS's ranged from 10 to 130 m in diameter with an average density of 0.2 g / cm 3 . At this density we estimate the thickness of the glass shell to be less than 5% of the sphere diameter. We further estimate an effective refractive index for the spheres of between 1.0 Ͻ n p Ͻ 1.1 (similar to an air bubble). The buoyant force of spheres larger than ϳ40 m was too large to overcome with our optical trapping forces (we used beam powers as large as 0.5 W). To isolate a concentration of smaller spheres, a volume of ϳ1 cm 3 of dry spheres was placed in the bottom of a 10-cm 3 graduated cylinder, and the host medium was added to fill the cylinder. The difference in buoyancy of the spheres created a size gradient in the cylinder. After approximately 1 min, liquid drawn from the bottom of the cylinder contained a majority of particles in the size range of R p ϳ 5 to R p ϳ 15 m. Immersion oil (n p ϭ 1.52) was chosen as the high-index particle system, owing to its low absorption coefficient at the laser wavelength. We prepared an oil-in-water emulsion by combining one drop (Ӎ0.05 ml) of immersion oil with 2 ml of the host medium. Vigorous shaking for several seconds produced an emulsion of oil droplets ranging in size from R p Ј ϳ 1 to R p Ј ϳ 20 m. The two dispersions were mixed and placed in a sample chamber composed of a 1-cm-diameter hole cut in a parafilm gasket (250 m thick), which was sandwiched between a microscope slide and a no. 1-1/2 coverslip (170 m thick), forming a sealed chamber.
RESULTS AND DISCUSSION
In Fig. 3 we depict the simultaneous trapping of a HGS particle (14 m diameter) with a smaller droplet of immersion oil (6 m diameter). The first frame depicts the oil droplet, trapped a distance of ϳ35 m below the coverslip (the crosshairs indicate the location of the optical axis). The larger adjacent particle is an untrapped HGS resting just below the coverslip. The image plane of the camera is adjusted to coincide with the plane z ϭ z trap located 20 m below the coverslip, and thus both the trapped immersion oil droplet and the untrapped HGS initially appear out of focus. The dashed circle indicates the approximate boundary of the attractive region of the low-index particle trap in the plane of the HGS. Frames 2-5 show that the HGS is pulled toward the optical axis and then down into focus to the plane z ϭ z trap . The oil droplet remains trapped below the HGS, as indicated by the remaining frames that show the two particles together, moving transversely relative to a third untrapped sphere. The typical power of the trapping beam was a few hundred milliwatts.
Interestingly, when the pair was trapped near the upper surface of the chamber, the oil droplet was more strongly trapped than the HGS, as was evident from the HGS's falling out of the trap more easily as the particles moved transversely. This result is consistent with rayoptics calculations for single-particle trapping, which predict a trapping efficiency of nearly an order of magnitude greater for the oil droplet compared with that of the HGS. The presence of the HGS is expected to scatter ϳ20% of the light and thus only slightly reduce the oil-droplettrapping efficiency, relative to the single-particle efficiency.
Deeper into the chamber, however, the opposite was true: the oil droplet was more weakly trapped than the HGS. In fact, with the beam focus roughly 80 m below the coverslip, the oil droplet fell out of the trap while the HGS remained in the trap. We attribute this phenomenon to astigmatism from the glass-water interface of the coverslip.
The oil immersion objective will provide the best focusing if the host medium is index matched with the coverslip. Different refractive indices across these interfaces cause nonparaxial rays to focus closer to the coverslip than paraxial rays. This astigmatism is minimal when the beam is focused just below the coverslip, as depicted in Fig. 4(a) , and hence the gradient forces on a trapped high-index particle will be optimal. Recall that a trapped low-index particle scatters paraxial rays, leaving, as it were, the nonparaxial rays to focus and thus trap the high-index particle. If, however, the beam is focused deeply below the coverslip, the nonparaxial rays will suffer significant astigmatism, and the gradient forces will weaken. In this case, the refractive-index mismatch causes sets of nonparaxial rays to converge at points above the focal plane, as shown in Fig. 4(b) , pulling the high-index particle toward the region occupied by the lowindex particle. In addition, some nonparaxial rays will also scatter from the low-index particle, further weakening the trapping force, until the high-index particle falls out of the trap.
For a beam with paraxial rays focused at depth d f below the coverslip, the shift in focusing depth, ⌬d, for a nonparaxial ray incident at angle ␥ m is
where ␥ m0 ϭ sin Ϫ1 (n 0 sin ␥ m /n c ), n c ϭ 1.52 is the refractive index of the coverslip and immersion oil, and n 0 ϭ 1.33 is the refractive index of water. For example, the trajectories of three different rays are shown in Fig. 4 for incident angles (with respect to the optical axis) of 27°, 45°, and 60°and for cases in which the focal plane is positioned at depths of (a) d f ϭ 30 m and (b) d f ϭ 100 m below the coverslip. At the shallower depth of 30 m, the unscattered 27°and 45°rays pass the HGS and intercept the optical axis at points separated by only 2 m. A high-index particle having a size R p Ͼ 2 m may be trapped near these points (this occurrence of course depends on the beam power and the intensity distribution). Indeed, we were able to trap a 6-m oil droplet in our experiment. In contrast, the distance between the 27°and 45°rays is significantly larger (8 m) when the focal plane is shifted to a depth of d f ϭ 100 m below the coverslip. From Fig. 4(b) we also see that the deviation of the 60°ray is so large at this depth that it scatters from the HGS.
A second factor influencing the stability of the trap is the relative size of the two particles. We found that, on average, simultaneous trapping could be achieved only when the high-index oil droplet was smaller than the HGS. For larger oil droplets, spatial overlap between the two particles prevented them from simultaneously occupying their respective trap sites. Typically, the more efficient and strongly trapped oil droplet won out in this competition. This size effect may be understood from a consideration of the spatial separation of the two trap sites. A HGS, trapped at z trap ϭ Ϫ2.21R p , is displaced roughly one particle diameter from the beam focus. An oil droplet, on the other hand, will be trapped at a position z trap Ј ϭ 0.03R p Ј , very nearly centered on the beam focus.
Thus overlap is expected to occur when the two particles are the same size, as is observed. When a lowindex particle without a rigid boundary is used, this overlap phenomenon affords an opportunity to encapsulate a high-index particle. The two-particle trap could also be used to measure Casimir forces between particles of opposite polarizability. In addition, the existence of both a light trap and a dark trap in the same vicinity may be of interest for the trapping of cold atoms. 19 For application purposes, it is of interest to know the absolute limits of particle size and refractive index that this technique affords. While there is no theoretical limit on the upper size limit of either particle, practical limits exist, since the optical force must overcome sizedependent external forces such as drag, gravitation, and buoyancy. At higher trapping powers one must also be concerned with degradation of the beam quality through heating of the objective. With our system a power of 500 mW was needed to trap the largest HGS's (R p ϭ 15 m). At this power polystyrene spheres of 1-3 m were rapidly melted in the intense beam focus. Thus we resorted to immersion oil droplets, which do not absorb 514-nm light as readily. In such cases choosing a wavelength at which the particle systems are more transparent will improve performance.
Perhaps more interesting are the lower particle-size limits. In this regard, we observed oil droplets that were of the order of or smaller than the optical resolution of our imaging system (ϳ500 nm), trapped simultaneously with a HGS of several micrometers in diameter. We expect that this limit will be of the same order as what previous single high-index particle traps have achieved (ϳ25 nm), but a more well-characterized particle system is needed to be certain. The smallest low-index particles we have succeeded in trapping were of the order of 1-2 m in diameter (water droplets in acetophenone). Theoretically, the low-index particle must be larger than the size of the vortex core at the beam focus to prevent the particle from being pushed through the focus. However, we are not aware of any techniques capable of resolving the core size for such a strongly focused beam.
Experimentally, we have observed trapping of lowindex particles with a relative refractive index ranging from 0.75 to 0.87. 25 Ray-optics theory predicts that, as this value approaches unity, the location of the stable point moves away from the beam focus toward infinity in the Ϫz direction. In this extreme the efficiency approaches zero as the percentage of the beam interacting with the particle becomes negligible. Toward the other extreme the stable position moves closer to the focus, and the width of the trap in the transverse direction narrows. The trap may then be destabilized by small perturbations to the beam profile or particle position. 25 For the high- , and thus the high-index particle cannot be trapped.
index particle the refractive index does not influence the position as strongly, but at either extreme the trapping efficiency will be reduced. 16 
CONCLUSIONS
We have demonstrated the simultaneous trapping of a low-index hollow glass sphere (14 m diameter) and a high-index immersion oil droplet (6 m diameter) in water by using a strongly focused optical vortex beam. For a downward propagating beam the hollow glass sphere was found to be trapped a distance of ϳ16 m above the focus of the beam, while the oil droplet was believed to be trapped within 1 m of the focus. Once trapped, the two particles could be translated together through the sample chamber both horizontally and vertically. However, the high-index particle trap became unstable when the depth of the beam focus exceeded 80 m, owing to astigmatism from the glass-water interface.
